Abstract: Polylactide scaffolds were prepared for the cancellous bone regeneration by the phase inversion method with freeze-extraction variant. A preliminary investigation and the optimization of the process were performed. For the obtained scaffolds, regression equations determining the effect: PLLA concentration by weight in 1,4-dioxane; volume ratio of the porophore/PLLA solution in 1,4-dioxane; and implant-forming solution pouring temperature, on the open porosity and mass absorbability were determined. The conditions in which the obtained implants were characterized by the maximal absorbability with the open porosity greater than 90 % were obtained.
Introduction
Many bone defects do not heal spontaneously. These are the so called critical defects which require a surgical intervention. Conventionally, an autogenic transplantation (i.e. using a transplant derived from patient's organism) is performed to commence the healing of the damaged bone tissue [1, 2] . Components, such as, osteoblasts, stem cells, the extracellular matrix, growth factors, included in the implants, have osteoinductive and osteoconductive properties. The autogenic transplant is commonly used; however, there is a risk of the transplantation site infection, haemorrhage or nerve damage [3] . A possible solution is to use bone substitutes, the implantation of which will promote the regeneration of the damages. Such substitutes (implants) are spatial scaffolds for cell cultures. Cells harvested from patient's bone marrow are propagated and seeded on the scaffold. Cultured cells localize inside the three-dimensional implant structure composed of a network of interconnected pores. The crucial aspect which enables the formation of convenient environment for the growth of the new bone is the introduction of autogenic growth factors for the osteogenic cells into the scaffold, e.g. in a form of a platelet-rich plasma [4, 5] . In a modern approach to the bone defect treatment, the scaffold with cells and growth factors localized therein is subjected to implantation in the site of the damaged bone [6] .
In the field of regenerative medicine, substitutes from resorbable polyesters, such as polylactide, polycaprolactone, have gained much interest [7] . The molecular weight of polyesters (included polylactide) affects final material properties. The higher molecular weight the greater crystallinity, time degradation, mechanical strength of the polymer. Therefore low molecular weight polylactide (M w < 10 000) is used in sustained drug release forms, e.g. microspheres, which degrade within days, weeks. High molecular weight polylactide found application in preparing of scaffolds, which should degrade in a few months to several years. As they are being gradually replaced by the host bone, there is no need to re-operate in order to remove the material. Because of polyester properties, such as elasticity, biocompatibility and low implant weight, they hold an important place among the polymers used in the bone regeneration [8] . The use of these polymers had positive results not only in animal preclinical studies but also in human clinical trials [9] .
Bone substitutes should be characterized by high open porosity, i.e. the presence of interconnected pores [10] . The open porosity above 90 % enables the nutrients to migrate freely into the scaffold and cell metabolites to migrate freely out of it. Pores should not be smaller than 100 μm. Yet, the optimal regeneration of the bone tissue is enabled by the pores of 200-350 μm [11] . The size of pores should be diversified which means that within the scaffold structure there should be both small (microporosity) and large pores (macroporosity) [12] . One should remember that high porosity weakens the mechanical properties of the implant. The mechanical properties of the bone are different for cancellous and compact bone. The high porosity polyester implant has suitable mechanical strength -similar to that of the cancellous bone, which has the Young's modulus of 0.1-2 GPa and the compressive strength of 2-20 MPa. For the compact bone, the Young's modulus is in the range of 15-20 GPa and compressive strength is 100-200 MPa, so additives improving the polymer mechanical properties should be used [13] .
The aim of the study was to obtain polylactide cancellous bone implants with an internal morphology meeting the requirements for the regeneration of such bone. The obtained implants should have a high open porosity (90-100 %) and maximal mass absorbability. The maximization of mass absorbability is important due to the possibility of inserting a greater volume of the platelet-rich plasma into the scaffold.
The effects of the polylactide concentration in dioxane, the porophore content and the implant-forming solution pouring temperature on the morphology of the obtained scaffolds were evaluated. Subsequently, using mathematical methods of experiment planning [14] [15] [16] [17] , the process for preparation of polylactide cancellous bone implants was optimized to obtain a scaffold with the maximal mass absorbability at the open porosity of more than 90 %.
Results and discussion
Porous poly-L-lactide (PLLA) implants were obtained (Scheme 1). First, a PLLA solution in 1,4-dioxane was prepared. The suitable volume of the porophore (water) was added in portions. The implant-forming mixture was dosed into the forms at a specified temperature. Moulded solution was frozen and subjected to the gelling bath 1 (in methanol, at −18 °C). The resulting scaffold was washed in the gelling bath 2 (in water, at ambient temperature). The finished implant was air dried. An exemplary implant is presented in Fig. 1 .
Preliminary investigation
The preliminary investigation of the poly-L-lactide bone implant preparation was performed in order to evaluate the effect of: PLLA concentration by weight in 1,4-dioxane; porophore (water) addition; and implant-forming solution pouring temperature, on the size and distribution of pores in the resulting samples. Morphology of the prepared implant was assessed by the scanning electron microscopy (SEM). The conditions for preparing bone implants in the preliminary investigation are presented in Table 1 .
Effect of PLLA concentration by weight in dioxane
The poly-L-lactide bone implants were produced under different process conditions. The differences in the scaffold internal morphology depending on the PLLA concentration by weight in 1,4-dioxane (3.5 and 7.0 wt%) and the volume ratio of porophore/PLLA solution in 1,4-dioxane (0 and 0.08), at constant pouring temperature (27 °C), were presented in Fig. 2 .
Without the porophore (Fig. 2a-c) , with the increasing PLLA concentration in 1,4-dioxane, there is an increase in the number of smaller pores in the scaffold. For the PLLA concentration of 3 wt%, the pore size range is 110-250 μm, and for the PLLA concentration of 7 wt%, it is 50-270 μm. For implants produced with the porophore addition ( Fig. 2d-f) , there is no unequivocal relation. In the scaffold with the highest PLLA concentration (Fig. 2f) , there are a few small pores and thicker pore walls visible. Most of the pores exceed 100 μm. Bone implants presented in Fig. 2d -f have the most suitable structure for seeding the cells. The morphology with diversified pore sizes (micro-and macroporosity) and the structure with connected pores are observed which favour regeneration of the bone tissue.
Effect of the porophore addition
The poly-L-lactide scaffolds were produced without or with a varying amount of the porophore (water) at the constant PLLA concentration in 1,4-dioxane (5 wt%) and constant pouring temperature (27 °C). The internal morphology differences related to the changes of the porophore/PLLA solution in 1,4-dioxane volume ratio (0, 0.03, 0.08, 0.1) are presented in Fig. 3 .
When the porophore is absent (Fig. 3a) , the scaffold structure is characterised by large elongated pores exceeding 300 μm (ladder-like pore arrangement). There are virtually no smaller pores. The porophore addition causes the formation of both smaller and larger connected spherical pores of a size that does not exceed 200 μm. For 0.03 and 0.08 ratio of porophore/PLLA solution (Fig. 3b, c, respectively) , the pore size is diversified. For the largest porophore addition, 0.1 (Fig. 3d) , the walls of the pores are thickened and the number of smaller pores decreases markedly. Bone implants presented in Fig. 2b and c have the most suitable structure for seeding the cells. 
Effect of the solution pouring temperature
The poly-L-lactide scaffolds were prepared by pouring the implant-forming solution at different temperatures. The differences in the implant's internal morphology related to the solution pouring temperature (27 °C and 47 °C), at the constant porophore/PLLA solution in 1,4-dioxane volume ratio of 0.08, were shown in Fig. 4 for the PLLA concentrations in 1,4-dioxane of 3 wt% and 7 wt%. For the scaffolds prepared from 3 wt% PLLA solution in 1,4-dioxane, the increase in the pouring temperature results in the formation of a greater number of micropores (Fig. 4a, b) . The macropore size does not change. The implants prepared from 7 wt% PLLA solution in 1,4-dioxane do not exhibit any significant differences in the morphology depending on the pouring temperature (Fig. 4c, d ). All obtained implants have a structure suitable for seeding the cells.
Summary of the preliminary investigation
The poly-L-lactide scaffolds with the morphology meeting the requirements for the cancellous bone regeneration were prepared. The structures with connected open pores of diversified size (100-300 μm) were obtained.
Based on the preliminary investigation, it was found that the PLLA concentration in dioxane, porophore addition, and implant-forming solution pouring temperature all influence the internal morphology of the produced bone implants. In order to quantify the exact relations, it was decided to investigate the effect of these variables on the mass absorbability and the open porosity of the resulting samples. The open porosity and mass absorbability of the obtained bone implants were tested with a hydrostatic method using isopropanol as a solvent. A detailed description of the study is shown in the experimental section.
Optimization
The effect of the PLLA concentration by weight in 1,4-dioxane (x 1 ), the porophore (water) to PLLA solution in 1,4-dioxane volume ratio (x 2 ) and the solution pouring temperature (x 3 ) on the open porosity (y 1 ) and the mass absorbability (y 2 ) of the obtained implants was investigated. The volume of PLLA solution in 1,4-dioxane was constant. The optimization criterion was the mass absorbability maximization with the open porosity of not less than 90 %. The optimization was performed based on the 2 3 factorial design with interaction effects. Input and output variables are shown in Table 2 . An 11-run design was used, which consisted of a 2-level factorial design, 2 3 (8 runs with three input variables in all combinations of +1 and −1 levels) and three replicates for the centre of the design (3 runs with all three variables at 0) [18] . All other variables were constant (standard conditions). The experiments were performed in a random order, and both of the response variables, y i , were measured for each experiment. Table 3 shows the design matrix along with the results.
In order to shorten the discussion, the statistical analysis details are not presented in this paper. Here, we present the linear models (without insignificant coefficients) and the most important diagrams only. Coefficients calculated on the basis of 2-level factorial design are independent of each other (regression equation is orthogonal). A new fitting procedure is unnecessary after insignificant coefficients removal from the models. 3 Solution pouring temperature°C 27 37 47 Output y 1 Open porosity % >90 % y 2 Mass absorbability % Max.
Porosity, ŷ 1 (%)
The diagram of the relation between the implant porosity, ŷ 1 , and PLLA concentration by weight in dioxane, x 1 , is shown in Fig. 5 . The diagram of the relation between the mass absorbability, ŷ 2 , and PLLA concentration by weight in dioxane, x 1 , and the solution pouring temperature, x 3 , at the constant volume ratio of water to PLLA/1,4-dioxane solution, x 2 = 1, is shown in Fig. 6 . All ŷ i were calculated using linear model. 
Summary of the optimization
The effect of: PLLA concentration by weight in dioxane (x 1 ); volume ratio of water to PLLA solution in 1,4-dioxane (x 2 ); and solution pouring temperature (x 3 ), on the open porosity of the obtained implants (y 1 ) and the mass absorbability of implants (y 2 ) was investigated. Using the estimated function, it was found that, within the design limits, it is the PLLA concentration by weight in dioxane (x 1 ) that has the strongest influence on the implant open porosity. This is the only factor in the equation. The implant open porosity decreases with the increase of the PLLA concentration by weight in dioxane. It means that, in the experiment, the smallest PLLA concentration by weight in dioxane (x 1 = −1) should be applied to obtain the maximal open porosity. The x 2 and x 3 variables do not affect the implant open porosity. Based on the estimated equation, the mass absorbability decreases along with x 1 factor and increases along with x 2 factor and with the interaction effect of x 2 · x 3 . The largest influence on the mass absorbability has the PLLA concentration by weight in dioxane, x 1 . The solution pouring temperature (x 3 ) has an influence only through the interaction with x 2 .
It should be noted that this optimization is appropriate only within the previously established range of the variables and it should not be extrapolated beyond that range.
The 
Conclusions
A method for the preparation of the poly-L-lactide bone implants was developed which enables the preparation of implants with high porosity and connected pores structure.
The process was successfully optimized with the aid of DOE. After carrying out a 2 3 factorial design, the mathematical models describing the influence of input variables: PLLA concentration by weight in 1,4-dioxane; volume ratio of water to PLLA solution in dioxane; and solution pouring temperature, on the open porosity and the mass absorbability of obtained implants, were calculated. Both regression equations are
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-1 -0.5 adequate, which is confirmed by the fact that the differences between the results and the calculated values are small. The first model enables the control over polylactide implant open porosity. The suitable open porosity (over 90 %) enables the nutrients to migrate into the scaffold and the cell metabolites to migrate out of it. The second model enables the control over implant mass absorbability, the maximization of which ensures the insertion of the largest possible volume of the platelet-rich plasma into the scaffold. The scaffold design with optimal properties including open porosity and mass absorbability provides an implant which meets the requirements for the cancellous bone regeneration. Under optimal conditions: PLLA concentration of 3 wt%, volume ratio of water to PLLA solution in 1,4-dioxane of 0.08, the solution temperature of 47 °C, the poly-L-lactide bone implant having the porosity of 96.8 % and mass absorbability of 1670 % was obtained confirming that the calculated equations describe the entire process very well.
Experimental section Materials
Commercially available poly-L-lactide (PLLA) (M w = 86 000 g/mol, D = 1.91), 1,4-dioxane, methanol, 2-propanol were used without additional preparation. Distilled water was prepared in-house.
Preparation of solutions
The poly-L-lactide solutions in dioxane having an appropriate concentration by weight (3 wt%, 5 wt%, 7 wt%) were prepared. PLLA was dissolved in dioxane for 3 h at 60 °C, and then at ambient temperature for at least 21 h. In both temperatures the solutions were stirred with a magnetic stirrer. To the PLA solution in dioxane heated to a temperature of 60 °C, with constant stirring, water (porophore) was added in a suitable volume ratio to the PLA solution in dioxane (0.030, 0.055, 0.080). The porophore was added in portions of 0.5 mL each, and before adding the next portion the solution was allowed to clarify. Then, the solutions were cooled to the appropriate temperature (27 °C, 37 °C, and 47 °C).
Preparation of implants
The implants were prepared by the phase inversion method with freeze-extraction variant. The prepared solutions were poured into the polyethylene forms at the suitable temperature (27 °C, 37 °C, 47 °C), then the forms were cooled at temperature of −18 °C for 24 h. The frozen solutions were removed from the forms and extracted in a methanol bath (300 mL) at −18 °C for 5 days, without stirring. The resulting implants were washed in a water bath (400 mL) at ambient temperature for 2.5 h with stirring, then air dried for 24 h.
Analytical methods

Scaffold morphology
The scaffold morphology was investigated with the scanning electron microscopy (SEM). Before testing, the samples were immersed in ethanol for 20 min and then broken in liquid nitrogen. After drying, fragments of them were cut off with a scalpel so that the surface investigated under the microscope was the one resulting from the breaking in liquid nitrogen. The BUDTA 1-7 samples were investigated with the Phenom ProX apparatus and BUDTA 8-11 with a Hitachi TM1000 apparatus, after applying a 7-10 nm gold layer on them using K550X Sputter Coater. All samples were investigated at a 300 × magnification using an accelerating voltage of 15 kV. In the SEM images, the inside of the implant was observed from the vertical section of the sample.
Implant open porosity and mass absorbability
The implants were weighed using Mettler Toledo XS 104 scales. Dry scaffolds were air weighted (m s ). After the isopropanol impregnation (vac, 30 min), the scaffolds were weighted in isopropanol (m ww ) and finally the scaffolds impregnated in isopropanol were air weighted (m w ). The implant open porosity (P o ) and mass absorbability (N m ) were determined according to the formulae: 
